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N G~ ABSTRACT

Resclved spectral lines from deuterivm, carben,
nitrogen and oxygen were recorded on vhotogrsphic plates
in experiments ccnducted by Bashkin, Malmberg, Meirel,
and Tilford *. In each cese, the scurce of the light was
2 beam of particles which, Tollcwing acceleration in a
Van de Graaff generator, pa2sscd thrcugh a thin carbon
feii. Comparison spectra. from e standard ircn-recn
lamp, were elsco recorded on esch plate.

We have used the pilatcs provided by the sbove
persons in order to

a) measure the wavelengths of the spactral lines
characteristic of the radiating beams, end

b} identify the itransitisns responsible for
those lines.

We have meesured the wavelengths of 109 specirsl
lines, identified the transiticns responsible for 26,

and specified possible transiticns for 54 others.



INTRODUCTION

Spectroscopy bhas lcng been a nmajor methed of probing
atomic perameters, and although the analyzing machines have
come & long way since Freunhofer'’s time, the methods of
creating spectra have not been basically changed. These
methods, flames, sparks, arcs, discharge tubzs, hollow
cathodes, and shock tubes, are based simply on heating & gas
to incandescernce. While thesc metlhiods wexrk very well and
can create spectral lines mcasuradle to C.0001 3, they do
have severel drawbacks. The firzt is the limited nunber of
spectral lines which they can create. While a high voitage
spark may occasionally creete a fairly high charge siate, it
does not do so with e very high efficiency; and since it
does cre=ate a mixture of cheargs stabes, dzciding which line
belengs to which charge stele is a further problem. There
is the problem of sexple yurity. 3light impurities may be
present in the sample o some may be intreduced from the
walls or electrodes in the source chambsr. Finally, there
are other interesting atomic parameters besides the energies
of atomic levels, particularly transiticn probabilities.
These excitation methods do nct lend themsa2lves to a simple
nethod of measuring these prebebilities or of the lifetimes

of the excited states.




This was the sizte of the vt before December 1963
wher Beshkin and Meinel ® vzed 2 ¥an de Gpof? zecelerstor
previded by High Voltege Ingirnesring Corporation te create
spectra by a new method--one criginally prcpozed by Bashkin
in 1961 ®. The Van de Graaff accelerator was used af a scurce
for a beam of ioms in a 107° torr vacuum. The beam was
pessed through 2 mzgnetic field to seperaste out the desired
charge to mass ratic, and thic desired segment wes then
directed through a 10 pgm/cm®-thick carbon foil. While in
the foil, the icms were excited into various electronic
states and these states began to decay as the particles left
the foil. The light exaitted by the beer was focussed onto &
grating spectrograph slit and photographic plates were taken
of the resulting spectra. This methed of excitstion does
overcome some of the disadvaniages of the more conventional
methods, First, high chargs states pay be examined. The
incident beam consists of +L cr +2 ststes, but zfter passing
through the feil, practicaily the complete range of possible
charge states may be obtained, with the relaiive amounis of
the different charge states depending upon the energy of
the incident beam. Thisz mixture of charge scates may be
left unresolved as in thermel sources, or a iransverse
electric field may be used Lo split the emergent beam into
several beams of different parabslic patho—each with a

different charge state. Such an electiric field was not



used in the experiment under discuzzicn. bul one has teen
used successfully by Eashitin, lalmberg, =nd Tilflord 4

As for szample purity, the mognstic fi21d eliminates
all contaminents, including isclopic contamirants, except
those which have the same charge Lo mass ratjio as the
selected beam, DBecause an impurity with the same charge to
mess ratio as the sample is a remcte possibility, the beam
incident on the foil is esseatially cf e single charge state
ard a single mass at a well defined en2rgy and velocity.
Since all the perticies ere moving with th2 came velccity,
the distance a group of particles is frem the foll is
directly proportionel tc the time el@psed since their
excitation. As the beer travels oway from the foil, the
populaticns of the excited stabes decrsese and the intensity
of the radisted light slsoc decreases., This decrease of
intensity with distence provides & direet measurement of the
lifetines of the excitel stotes.

An zdditiorsl featurz of ihis =xeitalicn method is
that sincs it is not a methed of thermal excitation, it may
be able to populate hersiofore inatteinsble cnergy levels and
thus give rise to previcusly unseen spectrel lines.

After the original work b High Voltoge Engineering showed
that this method is prectical, Bashkin, Mslmberg, Meinel, and
Pilford ¥ used a Vea de CGreaf? sccelerstor provided by the Naval
Research Leborsiory ai ¥Washingson, D, ©, %o do z more comprehen-
sive series of experimernis in .JJanuery 196k, This thesis is the

wavelength analysis of the spectral plates teoken by Bashkin et al.

at NRL in January 195%.




EXPERMENT ARD ANALVESIS

The experiment performed at FRL was basically the
sepe as that done gt High Voltage Enginzering. The first
order spectra were recorded with en alil-quartz system at a
dispersion of sbout 140 A/m. Comparison spectra of neon and
iron were then added to the plates. A mixture of D,, He, Ip,
and CC> was used as & source for the besm, and accelerating
potentials ranged from 0.9 MV to b MV,

Distances btetween spectral lines on the plstes were
measured with & traveling microccope., At first the plates
were read several times using different parits of the micro-
scope’s micrometer screw and turning the plates end for end.
Distances were usually reproducible %o ' microns, &and quite
often to 1 micron. At the dispersion of these plates, 4
micrors ccrrespends to la2ss than 0.6 A or vevelergth, The
pletes used for the coriginel identificsiion of the comparison
spectrum were read frcer twe to seven times, the other plates
were read cne or two times.

Deuterium was cn2 of the ssmple gases, and since it
has a readily identifiable specirum, the devterium plates
were used tc meke the Tirst identificaiicn of the necn and
iron comparison spectra. Wavelenglhs cf neon near D, were

&

obtained from the Hendoook of Chemistry and Physices =~ and




fitted to the plate. The dispeysion Lelen these lines wes
then checked sgainst the dMsporsion botreen 0. Dii’ ard B .
From this point, the proczdure was to: (1) calculatz the
dispersion between two lines, {2) measure the distance to
the next line, (3) calculate the wavelength of this next
line, (4) find the closest bright Line in the tadle. An
error in identification was revealod whan identification of
the next line on the plate proved unsvecessful., Identifica-

tion of the neon spectrum wos nob too Gifficuii becsuse, in

bright, fairly svenly spaced lines, 21l of wiich showed up
on the plates, and & nwhor ¢f very dim lines, none of which
showed up on the plates,

The procedure used on the necn wes continued for the

iron, but the iron spectrum provad to b2 much mere Afficelt

to identify. Contributing privi=zuss wer: the pocr quallty cf

the photogrephic imsge and “he ow disparcion end resolublon
of the spectrograph.

After idemtifying the conparison opectrum &3 well es
possible, a curve wes drawn of dispersion va, distence aleng
the plate. One linec was choscn a3 a zerc point; the distonce
from the zerc point to eack ciher line, the wavelength
difference, and then the dirpersion wry: caloulsted. For
any line that was far of7 the curvas, the izbies wors con-
sulted to see if a better identifincsiic: conid be pade.

This curve was then used o {ind the worelengihe of the



unimown lines. %he dispersion b ench uvatmoun line's
poesition was interpoiated Ifrom the grsph =nd muliiplied by
the line's disvance fyem the zoro point %o obiain the wave-
lengih difference,

Upon examining the plates, the spectral lines of the
saxple were seen to be sianied, slightly triangular, of
varicus intensities, srd of deccreasing intensities along
their lemgths. All of these characteristics except the
intensities ware caused by %the optical arrangement that was
vsed. 7The optical mrrengener: of the cxpeoriment, as shown
in Fig. 1, had & lens tc focus &z imoge of the beem on tha
specirograph siit such thel ik directicn of notion of the
particles was pereliel to the Long dimension of the slit
At position A in Fig. 1, the particles in the beam have a

velocity component ewey from the Beam lens, and at B, the
(% b 3

heve a velocity componer® torards the beam lens; therefore

.)

the Light erriving &t A° is Doppler shiftel towsrds the red,
and that at B® towerd the blue with corresponding shifts for
points in between. The epecirograph vsed was stignetic;
that is, each recorded spectral line is m2de of a point to
point image of the spectrograph slit. The siit just mosks
off everything cutside the cenrer of the bemi., so each
spectral line is an imege of the center of the besm. Each
of these bezm inmmges het & wavalength veriztion along its

length, so each specirel line has & wavelength varietion
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along its length and is slantel. Fig. 2 shtows tae limits of
this Doppler shifiing.

Referring to Fig. 2, i 6 = 0; and & = 03, the
proper wavelengin would cppear to come from o point slightly
on the Poil side of the center of the beam. The position
could be calculeted, and the corresponding position on the
slanted spectral line located. However, the beam length
subtends an angle of 6.12° at the beam lens, 2nd if on error
of only 1° is mede aligning the cpticzl exis perpendicular
to the beam, the preper wovelength would move up or down the
spectral line by 1/6 of its length causing an instrumental
error of ebout 1 A in the provsy wavelength, Insteed, the
true wavelength positicn was loceted experimentally by using
& deuterium besm and locatinz 4he point on the D - line which
correspends o the known value of I)&,. ¥ith the dimensions of

the opltical arrangement ond
P
cos B_ = v/2c,

the proper wavelength position caa te colcoulated for all
other beanms regardless of vwhabever alisnamnt errors mey have
been msde. The wevelength eb the top {if visible) and
bottonm of each line was measurcd end the proper wavelength
calculated fropm kmowledge of its positica oun the line.

The shape cf esch spectral lire should be a

parallelogram, but each is trismgpler with one long side
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sharp end the olher fuzny. This wes duc $o e error in
aligning the imose of the vesm exactly con ond parallel %o
the spectrograph slit. In more rocent experimenis, this
misalignment hee beem eliminated by the following method.

A piece of photogrophic film was placed outside and sgainst
the spectrograph slit to record the imege of the beam, Fig.
32, end a light was put inside the spectrogranh to iliuminate
tke back of the 'sl:':‘t and recordl iUs shadow on the film, Fig.
3b. When the film showed & pichbure as In Fig. 3c, trianguler
lines were obtained, wnd when “he inmaze of thz bomm was
roved to show a piciure a2s in Fig, 3d, the lines were
parallelcgrans,

The various intensities of the lin=s are caused by
the relative populsticons of tha excited stzles and the
different transitiorn probebiliiies per cecond for the lines.

The intensity of each iine decrcassos clong iis lenghth
becanse of the finite lifetime of the oxcited state. Eazh
spectral line is an image of the beam ir the light of a
particular transiticon. As the perticles move eway from the
foil, the exciled states dec3y, reducing the populations of
the sources of the lines. Cascades may complicaie this
variation of intensity with distence, but no line has yet
been found which has an intensiiy incrasse., This intensity
decrease couses many of the spectral lires to diseppear

before they reach mextimumn height, For these lines, the
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corraeebion to be added to the wavelength meusared at the

bottom of the lin= was calculeied from

Ay - Ay = AOBy(cc-s &y = cos 90) P A.BB\;'(cos 8y - cos Bo)

where ?\o = the proper vavelength,
RB = the wavelength nessured at the bottomz of the line,
3 = v/e,
v ={1- )%,
erd the other torms ave defined in Fig. 2. Since everything
excesnt }‘B is constant for a2ll lines on the plate, the
ccefTicient of A

B
extend from top to bottom. This particular optical errange-

was caleulztod from the lines which do

ment was used in spite of its aligmment difficulties and
slanted spectral lines because it permitied the measurement
of the lifetimes of the excited chates from the intensity
decrease of thz spectiral lines.

To identify the semple spectrsl lines with those
elready in the literature, if, indeed, these lines hove been
produced and meesured by other methods, two rcre difficulties
need to be teken into account. One is the index of refraction
of air. The sample spectra were measured in air, but the
caleculation of the sccepted values of the wavelengths from

the Atomlc Energy Levels ® tabres gives their vecuum values,

The other problem is simply the erperimentel error in the



determinations of the waveleny he. This error was estimated

as + 3 £ between 350G Loara 5000 © and & 2 A frem 5000 R to 7000 A
from consideration of the reproducibility of the distance
measurements, from the tigatness of the dispcrsion curve,

from the consistency of the resulis on the same line

measured or different plates, nd from the ggresment of

the deuterium wavelengths with the kncwn velues,

After all the possible identifications had been

(1

listed, cescades were used to esirict the selections

further. For exarmple, &s showm in Fig, 4, the nitrogen

line measured es A 40Y43.2 A sculd be identified as either

A bolo 46 A (33°F2 - tu"’G,s N T, » holk.68 R (3 SI‘: - L-,faca R II),
or A 4oks5.93 i (3&35§ - !&faGa N II}. Tke A hoko 46 3 line

results from a transition to & state vhich con decay

further and emit & line 2t » 5005.53 A {3;%3 - 3¢°% n 11).

[-3
This line &t A 5006.53 & was elsc rocorded in the spectrum

L

and measured a3 A S5007.1L A, The cther twe neoisible identifica~
tions are transitions to =& stele which can decay further and
emit 2 line at A 5087.06 A ¢ 3p3uz - 3@3:@2 N r1), but this

line was not observed in the sgnhectrum. th the cbserved

A 5006.53 R and the uncbserved A 5027.05 & line leave the

otom in e state that can decsy egoin snd emit a line at

A 5681.13 R {3s°F8 - 3p3Dﬁ N I1) vhich was aizo observed end

meesured as A 5682.2 X. Frem the 35°F3 state, further
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trangitions give rise to lines i the vyoeuor ultravioles
vhich was cutside the cbscrvalile range of the experiment.

(-]
The observetion of the A 5{5.53 A line and the

her-

failure to observe the A 5027.06 I line is no% encugh to
identify the measured A LoU3.2 A line as A kol2.46 i, An
alternative expianation is tho. the 36°F; stoie is created
in the foil and ther deceys -miiting the X 5005.53 i line; the
measured A 4043.2 1 line is asineily A 40%4.68 %; and the

% 5027.05 X line is not seen bocouse of & low txensition
probebility per seccnd. In Toot, the transition prcbability
for the A 5027.06 A line is an'y 1/23 thet of the A Lokh.68 &
line 7. However, the more likely expisznation is that

A oo 46 R is the correct identification and the A 5006.53 A
line and the A 5681,13 k lin2 rolicw is.

the identifications are

listed In Tables 1 thircagh Q.
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Unkrowa #  Proper AV sgentigis
L4

15 3849,
15 3863.
i7 3376.9
i3 3912.b

19 3920.7 0I or II

20 3934.3 3333.92 © IIT 4°p -55°7
21 3545.8 8

22 3952.6

23 3973.L 0I or II

24 4060.1 0I or II

25 4069,z
26 o7k & 0 I3 or III

Beam contained C anc Q.

1-
Corrected to vacuo

P TR R e th e pemeem 1w
VAVELEEGTIHS O FLATE 45

TATIE 3
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Unknown #

1 3454.0

2 3704.5

3 3729.3

4 3739.0

5 3760.7

6 3776.8

7 3794.0

8 3850.5

9 3895.6
10 3906.8
11 3%e2.h
12 3934.3
13 3971.0
1k ho62,5
15 Lo74.8
15 iz b
17 1128 .4
18 hiks.1
19 4156.2
25 4191.9
21 4255.5
22 Lb277.7
23 4285.5
2k 4o95.6
25 4305.6
26 43497
27 4369.1
28 4370.7
29 bhog, 3
30 VIS
3 Lh436,1

Beam conteined O.

WAVELENGTHS OF FLATE 47

Pfiser AT

Identification

{1}

0 X1 or III
071 or IIX
3728.39 0 1Z
01X

0 II or IIIX
377€.66 © 1X
0 II or IIZ
0IorIl
3894,61 0 11

3908.55 0 11
0XIorlIl

— 4 o Q0
s P «3p' 8
3 aﬁp

3p‘D°%-3d"P

el

3.0 4
3}°S aa-hs P,

53

) 4
3p n°a‘2-3c1 P,

3933.92 0 III lap“’na-sssfz

0Ioril
C Xor II
I or IXIX

or II

N =
£ o

;45 6 311

bl Goad 0 Bord food Geod Bud bnf bod Rl
8
<

TABLE 2

120,52 0 ITI b p®S; -55°1%;

4 13
3p P°%-3d P

& %
3s°P_ ~3p ¥

[y A 2.0
Us*P <Sp P
TR 2 g

[T - T &
bs*p  .sptr°
ke~ qP a2
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Unknown # T A Igentification
(3) (43

1 33%R.9 0 I or III

2 3483.3

3 37044 0 I or III

h 3728.7 3728.39 0 I1 3s*P  -3p°s®
5 3738.4 0 II or III or IV 32 #
6 3759.7 0 II or III

T 37723

8 379%.6 0 II or III

9 3941.1

10 3974.6 07Jor II

1 3995.7
12 hook .2 N II or 11X

13 holiz .9 holie 46 W 1T 34°F° .ufc
14 Lo7h.7 0 II or III ¢ 5

Beam contained N end 0.

WAVELEEGTHS CF PLATE 63
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4

Unkn # Proner 7\1.
o iy

O\ W D -

Beem contained O

3395.9
3705.5
3729.8
3735.4
3763.0
4343.9

23
Identificaticn
(4}

0 11 or IIX

0 Iaor IIT 5 a0
3728.39 0 II 3s ~3p%s

C II or IV ‘s? et o
3763.70 0 II 3p ~hs*p
0 I1 ¥ %

WAVELENRGTES OF PLATE 73

PABLE L
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Unknown # Prr(:i?r \l

3775.1
3941.3
3997.6
4005.1
Loo8 4
Loh3.2
4099.8
%105.9
2s,2
4136.5
k8.5
4180.3
4200.6
h209.4
4229.3
holo .8
kogo 4
4381.7

[ ] 1
Lh33.4
khh7.9
4l59.6
5007.1
5178.6
5293.0
5537.2
5670.1
5682,2

RRB U BRBEbEELE FEREBv o avrwn -

Beam contained C, N, and O

L& s $
Ydentification
t“'
4

(

3778.66 0 IT 3p*s® .3s%p
K or 0 % ¥a
Eor §

Nord

holio b6 N IX 3d3F°&-!af365

0XorlII

011
011

5005.53 ¥ II 3p°d -3d°F°,

5681.13 K I 33311“2-3939&

WAVELTESTHS OF PLATE 105

TABLE 5
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Unknown # Proper hf Identificeiion

(&) (n

1 5965.5

2 6016.4 c

3 6158.3 CIorcC
I 6166.4 N ilor C
5 6613.7 NIlorcC
€ 6640,2 6 Ilor C
7 6661.3 c

8 6708.8 0 IlorC
9 6735.5 c
10 6750.1 c
11 6876.0 6 IforcC

Bean contained C, N, and ¢

WAVELENGTHES CF PLATE 107

TABLE ©

27



28

TT ‘314

w9/L2/1
‘U 66
e

+

M 6°0 TTT

TN

*durerd €°0

9 sEBN

9381d

0009

'00SS

S
o
o
a




Unknewn # Proger A Idantification
2 (R
1 6563.5 6562.8 1n

o

Besm contained D.

WAVELENGTHS OF ¥FL4TE 11l

TABLE 7

29



30

#9/L2/T TN

‘uym )16 “dwed £°0

€
g 9 sseN

AN 6°0 22T @38Td

000S
o0ost




Unknown # Proper At
()
1 434%0.9
2 4860.6
3 6561.3

Beam contained D,

WAVELERGTES OF PRLATE 122

TABLE 3

31




€1 ‘314

%9/Ll2/T TN
‘upw T'92T ‘dwed G£°0
w9 swen

AN 6°0 €21 93v1d

100GV

0069
-—1 0009
— 00SS
—0006S

\IAL2 BENE

i S I R B B TR




Unknown # Proper A Iceniification
(%) {8
1 L3k, b L3ha.5 P y
2 4862.7 4361.3 Dy
3 6562.9 €562.6 B,

Beam contained D,

WAVELENCTHS OF PLATE 123

TABLE ©

33






(R)

34k0.8

u3
ub

3"‘650%

3490.58

3521.26
3570.10
3581.20

3608.86
3618.77
%31."'6
36U7.84

ud
us*

3705.57
uf?
uT

3719.93

118 ]
u9
u9*®
ulo
3734.87

ull’

129.3

10%.2h

T9.52
48,84
11.10
ey

61.36
77.71}

135.47

149.82

164,77

1256
128L4

149.1 (doublet 3440.61, 344G.91)

149.1

148.3
147.5

145.8

146.7

145.0

(continued)

MEASUREMENTS OF PLATE %5

TABLE 10

34



ul2

ul2?!

3767.19

3625.88
3834.22
3B841.05

ul5 3846.h

w2l
u25
u25!
26"

3859.91
3859.9
3873-
3878.30
3886.28
3899.71
3909.3
3917.6
3921.56
3%9.11
3931.2

3949.5
3970.3
%030.76
4ohs.81
4036.9
4063.60
4065.5

HOTL. 4
LoTl.h
4076.8

197.09

255.78
26’4»12
270.95
289.81
308.20

315 -18
329.61

351.46
359.01

399.16

460,66
¥r5.7
493.50

501.64

Disp.

146.9

1k6.3

1809 146.0

2325

3455

145.9
(146.2)
1k6.0
€1!e6.1
1%6.1
ik6.2
1h6.1
146.2
51!&5.9}
(145.9
5.7
1k6.0
211;5.8;
1%5.8
145.8
21’45.7
145.7
k.9
145.2
(145.2)

ol 1h5.L

(1u5.1)
1hs. 4

lhs . l
15,1
k5.1

(doublet 3378.02, 3878.57)

€

doublet 392C.26, 3%22.91

doublet 3327.92, 3930.30

3

35




uel

u3’
ult
ule?
ud

us?

u7
u7?

uB

A
()

34h0.81
3kh7.28
3450.4

3k453.9

3465.86
3475.6

3485,34
3490.58
3497.48
3521.26
3570.10
3581.20
3594.64
3608.86
3618.77
%310 ’46
36Lh7.84

3679.91
%87.%
3694.53
3699.2
3705.57
3709.3
3719.93
3725.7
3731.7
3735.2
3737.13
3741.7
3746.05
3756.6
3758.23
3763.8
3767.19
3772.5

3789.1
3798.0

383h4.22
381,05
3846.1

3859.91

ar
(8

884,96
878.49

859.90
850.2

840,43
835.18
828.29
8ok.50
7550“
T, 56
731.13
716.91
707.09
69k.30
677.92

645.86
638.31
631.24
620.20

605.8"‘

588¢6,+
579.72
567 .54
558.57

491,55
48k, 72

465.86

d Disp.
(w)  (R/mm)

6096 1i5.L:  (doublet 3440.61, 3440.91)
6053 145.1
6033 élliﬁ.lg
5.1
529 145.0
587k 1446
5821 144.3
5765 144.8
5709 145.0 (doubiet 3%97.11, 3497.89)
5557 144.7
5227 1kk.5
5151 1kk,s5
5068 1ik.2
4960 14h.5
h900 144.3
4810 144.3
4699 1kk.2

143.6

4k39 143.7

4385 143.9 (doublet 369%.01, 3695.05)

k351 (14h.0)

h3oh 1kk.3

ook (143.6)

hool 14k.3

70 (143.9
143.8
143.8

hoglh 143.8

hos2 143.8

hoohs  143.9

3%61 (143.7)

3949 143.7

3904 (143.9)

3896 143.3

3853 (143.6)

s )

343> 143.2

3380 143.%

3347 143.3

3254 143.1
(continued)

MEASUREMENTS OF PLATE 47

TABLE 11



ug9 3891.2
ul0 3902.3
ull 3917.9

ul3 3970.5
400

ull k057.7

Wk koG6. b
w15 4070.1

w15t Lo78.6
w7 b123.7
ul8 hlho N

ulg u151.5
w20 h87.2
u20' 4195.5

w2l k250.6

u23 4280.6
w2h  4290.7
u25 h3007

u26* 4353.7
u27 u4364.3
w27 4372.9
w28 4374.8

AA

Ll b
439,49

Lkok.19
396.66
356.51
295.28
279.96
262.17
254,13

193.71
181.90

108.22

74.98
65.29
54,10

17.86

50.16
57.78

78.98

3124
3071
3037
2961
2852
2826
2773
2752

2057

37
Disp.

142.2  (doublet 3878.02, 3878.57)
1h3.1

(1k3.1)

(143.0)

(143.0)

143.0 (doublet 3920.26, 3922.91;
143.0 (doublet 3927.92, 3930.30
(142.9)

12,8

(1k2.8)

142.6

143.5

12,3

(142.3)

1h2.2

(12, 3;

(1k2.2

42,3

glha.a

2.1

(142.0

12,3

(141.9)

12,1

12;1 8;
.S
1k k)

12,7  (triplet 4198.31, 4199.10, 4202.03)

140.7

(141.0)
2.0
k1.0
140.8

(1ko 0)
140.5
140.2
(139.9)
(139.7)
139.5
(139.6)

{continued)



A

u29¢ hha3.2
4his, 12
u30' 4l20.8
hlo7,31
u3l L431.3
u3l’ 4439.7

A

89.35
101.5%

626
6l2
681
728
757
818

Disp.

{(139.6)
139.1
(139.5)
139.4
(139.4)
(139.3)



u3
‘8 L}
ul
ubt

us
ub5*

u6 []
u?

3382.8

3440.81
3447.28

3)“65 L] %
3476.08
3479.2

3485.34
3490.58
3497.50
3521.26
3570.10
3581.20
3594.6L
3608.86
3618.77
3631.46
3647.84

3679.91
3687.46
3694.53

3700.1

3705.57
3707.4
3709.25
3719.93
3724.3
3732.3
3734.0
37%2.0
3737.13
3746.05
3755.0
3758.23
3763.7
3767.19
3768.8

89.29
98.21

110.39
119.35

d
(u)
2186
2036
1815
1787
1719
1551
1395
1354
1231
1228
1175
1140
1125
1063
1006
861

587
6ke
608
680
731
756
790
810
818

Disp.

(4 /xm)

(148.3)

148.4  (doublet 34hk0.61,
148.1

148.1

1%6.1 (doublet 3u475.45,
(147.9)

il bt

i7.9
1h9.h  (doublet 3497.11,
7.0
146.1
149.7
145.6
19,3
148.3
i5k.5

3h5.1

147.0 .
146.3  (cGoublet 3694.0%,
(146.9)

k.7

(146.9)

13903

b 7

(continued)

MEASUREMENTS OF PLATE 63

TABLE )2

34k0.91)

3476.70)

3497.89)

3695.05)

39




ug
ul0

ull3

uih

3790.1

3825.88
3834.22
3841.05
3859.91
3878.30
3885.28
3899.71
3921.55
3%9.11
3935.4

3969.8

3969.26
3990.9

3999.4

lms.as
4030.75
4038.1

Lols5.81
14063.60
4069.8

hor. 74

Ak

178.04
186.33
193.21
2]2 -07
230.46
238. 44
251.87
273.74

321k
357.41
382.92

397.91
415,76

k23,90

971
1183
1220
1279
1325

1576
1633
1723
1875
1930
1979
2211
2207
2356
26
2hsh
264
2685
2736
2844
2906
2906

Disp.
[146.5)

145.9
1}45.7
145.8
146.3
1%6.2
146.0
146.1
145.9
145.7
(145.8)
(145.6)
1.’4-5.6
(1&5.6%
(145.5
145.6
ibh 8
(1k5.3)
5.4
6.1
5.2
145.8

(doublet 3978.02, 3878.57)

(doublet 3920.26, 3%2,91)



ul

uzﬂ

uw

‘,32
uh’
ud

u5'!

x=0 >

(A)

3391.0

3392.66
3413.13
3k%0.81
3ulih, 52
3452.28
31‘650 86
3483.01
3490.58
3500.57
3521.26
3580.10
3581.20
3584.64
3608.86
3618.77
%31 .1.[.6

3579.91
35686.00
369%.01
37000 3
37C5.57
3710.8

3722.56
37241
3733.8
3735.3
3737.13
3745.1
3749.49
3757.5
3758.23
3767.19
3768.6

3825 088

A\ ¢ d d; 4, Disp.
(&) (1) (&) (s) (u) (A/mm)
2182 2185 2184 2188
2035 2036 2032 2039
1815 1821 1815 1820
1739 1793 1790 1791
256.9 1731 1732 (148.3)
255.18 1721 1721 1718 1723 1k8.27
134,71 1554 1553 1552 1555 151.03
207.03 1329 1399 1399 1399 1u8.k%4
203.32 1352 1354 1350 1356 150.32
195.56 1304 1306 1306 150.15
181.98 1225 1228 1221 1231 148,43
164,83 1122 1120 1123 1126 1k6.64
157.26 1064 1062 1065 1061 147.93
147.27 1000 1001 1003 1005 146.97
126.59 859 860 861 852 1b47.18
77.74 525 525 523 530 1L47.79
66.64 448 Lhg Lh8 L51 148,
53.20 365 366 364 370 145.35
38.98 261 265 259 265 1h8.77
G7 195 197 193 195 149.84
.38 107 108 108 109 151.65

0 0 c
109 108 108
07 218 218 219 217 1k7.11
A6 261 259 261 257 1b47.33
17

358 35 358 355 (147.0)
57.73 395 3% 399 395 145.78
kog L2g lag ﬁg(lh'r.h)

74.72 ko3 hoh Lok 49D 151.56
76.55 524 517 520 51k (1’+7.5;
85.96 584 585 579 582 {(147.7
508 589 535 588 (147.7)
89.29 606 606 5399 604 147.83
656 658 659 654 (148.0)
101.65 679 676 678 678 1k9.92
737 734 738 732 (149.2)
110.39 T49 751 750 748 149.18
119.35 796 795 T 799 149.93
811 803 803 813 (149.5)
1143 1135 11h0 1139
178.0% 1159 119% 1199 1195 148.86

(continued)

MEASUREMENTS OF PLATE 75

TABLE 13

Ry

{dou. 34k0.61, 34ho.0L
{dou. 3u43.88, 3kh5.15

)

315 313 314 312 147.03 (dou. 3694.01, 3695.05)




383h,22
3841,05
3859.91
3878.25
3886.28
h307.91
4315.09
hys 076
4337.6

4375.93
4383.55

E<

aX d& d & d Disp.

186.38 125k 1255 148.62
193.22 1311 1305 1312 1305 i47.7L
212,07 1hh5 14h3 1hso 1hby 146,76
230.41 1568 1563 1569 1568
238.4k 1627 1629 1630 1631 146.37
660.07 1584 4575 4585 usT2 14k,15
667.25 k695 4709 k710 4693 141.90
6T7.92 4733 h730 143.26
1809 4808 k811 k811 (143.5)
728.09 5057 5055 5060 505k 1u4ls,00
735.31 5119 5119 5116 5111 143,72

(dou. 3878.02, 3878.57)




u3
ub

us

u?
u9

ul3
ulh

ul5

A
()

dy

B &  Disp.
B () ()

3722.56 1608.22 11118 1111k 1Lk 67
3737.13 1593.65 11006 11008 1hh.78
3748.26 1582,.52 10938 10934 1k4.70
3758.23 1572.55 10862 10862 1uh,T77
3767.19 1563.58 1081k 10316 1Lk, 57

37714

3795.00 1535.78
3320.43 1510.35
3825,88 1504.90

10783 10785 (1kk.6)
10523 14k,57
10440 1k ,66
10404 1h4. 64

3834.22 1496.56 10347 10346 1u4h4.65
3841.05 1489.73 10298 10298 144,66

59.91 1470.87 10172 10i72 144.59
3878.25 145248 1004k 10046 1:h4.59
3885.28 144h4,50 99 9991 1h4h4,56
3899.71 1431.07 9905 992 1kk L9

321,56 1409.20 9753 9750 144.50 (doublet 3920.26, 3922.91

3929.11 1k01.67 9599 144,50 (doublet 3927.92,

9702
g5kl  96Lk2 (1hh4.5)

3937.5 : :

3969.26 1361.52 9431 927 1kk4.39
3993.7 9266 (1k%.3)
4o01.2 9216 9212 (1lh4.3)
4005.25 1325.53 9190 1hh 24
hooli, 5 9059 (1uh.2)

4030.76 1300.29 9006

4039.3

900k 1lh.39
8953 8950 (1hk.2)

Loks.81 1284.97 891k 891k 14k.15
4063.60 1267.18 8794 8795 1uk.09
Lo7i.7h 1259.04 8738 8731 1u4.15

4200.17 1130.61 7862 7867 143.77 (triplet %198.31, 4139.10, 4202.03)

4095.8 8575 8577 (k.0
4101.9 8535 8534 élhh.o
4321 ,2 8400 ikk,0
4132.06 1198.72 8332 8326 143.2
32,5 8308 8326 (143.9)
4143.87 1186.91 8248 o92k7 143.90
Likh,s 8243 825 (1h43.9
43176.2 8028 8029 §1u3.8
4196.5 7888 73888 (143.8
4205.3 7832 (143.7)
4219, 7758 Tr5%

4o05,2 7694 (1143.7;
4238.7 760% 7606 (143.6

{continued)

MEASUREMENTS OF PLATE 105
TABLE 14

L3



A A\ 4 dg  Disp.

L250.79 1079.99 7522 7524 143.55
L260.48 1070.30 T455 7455 143.56
k271,77 1059.01 7377 7373 143.53
al7  L4287.8 7266 7269 élhB 5;
a7t 4295.6 7214 143.5
L307.91 1022.87 7131 7134 143.41
k32577 1005.01 7012 T009 143.36
4375.93 954.85 6665 6666 143.24

ul8  U377.7 6658 6654 (143.2)
4383.55 947.23 6613 6615 143.43

u18' 438h.2 6610

ulg  4hoo.8 51;95 6491 (143.2)

khoh,75 926.03 6469 6473 143.10
Ll15.12 915.66 6401 6401 143,02
k7,31 903.47 6308 6312 143.18

w0  Lieg.1 6310 629 (143.1)
w2l k43,6 6203 6205 211;3.03
u22 Lhss,3 6122 6122 (143.0

460,38 870.50 6085 6081 1:3.09
1%69.38 861.L40 6011 6016 1h43.23

u23 593 5942

w2l - 5733 5721

uBhy? 5678

u25 5596 5501

u25¢ 5
4556.12 T74.66 SMUB S5LLT 142,19

u26 5101 5090

u2? hg3e Lo31

u28 4851 4848

u29 3613

u30 3ko8

u3l 3209

u3l’ 32
4890.77 L4b0.01 3110 3112 141.43
4919.85 410.93 2907 2901 141,50
Lk957.96 373.17 2648 2648 140.92
5006,13 324.65 2313 140.35

u3R 5002.8 2337 glho.hg

u32'  5009.b4 2280 .0

5939.26 291.52 2083 2080 140.01
5079.50 251.28 1784 1779 1l1.01
5110.6 220.32 152k 1523 1L4h4.56
5167.49 163.29 1159 1156 141.01
u33 5173.6 1112 (1k1.4)
5191.%2 138.86 978 141..98 (doublet 5191.1k7, 5192.36)
s20k.58 126.20 897 1%0.69

{continued)



w3k

u3s
u3s’

u3b
u3?
u37t

A AA 4 dg

5227.19 103.59 TW0 736
5269.5k 60.56 428 Lzt
5287.9 298

5330.78 © o c
5341.09 10.31 87 87
5372.49 40.71 303 303
54%00.56 69.78 512 51l
5434%,53 103.75 742 736
s4li5. 92 116.14 850 851

5455.61 124,83 916
5531.4 1467 1h72
5541.2 1539

5562.77 231.99 1687 169k
5656.66 325.88 2382 2383

5664.6 239 2kl
5576.8 2530 2632
5685.4 2594

5689.82 359.04 2626 2626
5719.22 388.kk4 2846 2945
5748.30 417.52 3065 3063
576442 433,64 3188 3187
5304 U5 473.67 3487 3485
5320.15 489.37 3608 3602
5852.4%9 521.71 3850 3843
5881.89 551.11 !41369 Losh

38
59%4.83 614,05 U551 Lsk6

s e
RRAL R EBR
034083

RRRR
RREY




E

A A &  d Disp.
Ay (&) () (w) (&/m)

5852,49 481,04 3419 3418 1h1.00
5881.89 L52.54 3218 3216 140,67
544,83 389,60 2769 2767 140.75

5959.6 2664 2673 (140.5)
5975.53 358.90 2552 2554 140,57
6010.L 2309.2307 (1b0.k)

6029.99 30k.kh 2172 2169 1k0.29
607k.34 260,09 1857 18% 140.13
6096.16 238.27 1706 1701 139.82
6128.45 205.98 1471 1%0.02
6143.06 191.37 1369 1363 140.09
6152.2 1300 1303 gllxo.o
6160.3 1243 1246 (1L0.0
6163.59 170.84 1222 1221 139.8C
6217.28 117.15 837 837 139.96
6266.49 67.94% 488 kB9 139.22
6304.79 29.64 214 213 138.50
63343 O o e

6382.99 U48.56 349 349 130.1h
6hoe.25 67.82 u4B8h k486 139.83
6506.53 172,10 1237 1239 139.01
6532.88 198,45 1431 1b28 138.77
6598.95 254,52 1911 1912 138.3%

6607.1 1965 1975 %138.145
6633.7 2164 2163 (138.3
6654.6 2318 2316 (138.2
6678.28 343.85 2490 2kg2 138,09
6702.1 2676 2671 (137.9)
6717.04 382.61 2776 2776 137.79
6728.8 2862 2861 (137.8)
6743.4 2972 2967 (137.7
6869.1 3903 3897 137.1§

6929.47 595.04 14351 k351 136.75

MEASUREMENTS OF PLATE 107

TABLE 15




M

(3)
5881.89
504,83
2975.53

029.
607!;.32
6096.16
6128.15
6143.06

6163.59
6217.28
6266.49

6304.79
633.43

6382.99
6402.25
6506.53
6532.88
6553.7

6573.2

6598.95
6578.28
6717.0k4

6929.47
T032. L

E Se
5

g e
g T
g EF

[ ]

. & & @&

SR ESURDIFEE ®B
L
Qe
b
®

B 233 BasusMBEbesrovs
& S3¥

&

-

MEASUREMENTS OF PLATE 111
TABLE 16

Ny



u3

3
(R)

Yor1.77
L307.01
432577
43347

%375.93
L383.55
4853.8

Lg67.2

k890.77
k919,85
L957.56

5852.49
6266.49
6304.79
6334.43
6382.99
6402, 35
6506.53
6532.88
6551.7

657..2

aA
(A)

1585.72
154,58
1526.72

1476.56
1468.9%

961,72
932.64
895.53

ey
Fo

Be3Avess

. ®

SELEER

[

®

®

(o)

143.39
1k3.3%6
1h43.31
{(143.3)
143,26
1k3.38
élhe.zg
142.2) .
1‘& 'lo
142,06
11,97

135.89
135.64
135.43
13098
1 -
134.13
133.%
(133.7}
(133.6

MEASUREMERTS OF PLATE 122

TABLE 17



A A\ G d d 4 Disp.
RO R R R AR AR =

k217.55 1439.11 9991 9992 1kk.03
%250.79 1405.87 9763 9758 757 9762 144,05
1060.48 1396.18 9694 965k 9691 969 1kkh.05
L271.77 1384.89 9615 9615 9613 9616 61k 9615 9616 1hkh.ob
4307.91 1348.75 9368 9358 9366 9366 144,01,
4325,77 1330.89 Rl %eh3 238 2ko 9240 92kk k2 1hh,01
4335.9 9169 9171 9170 9170 9170 9174 9173 (1sk.0
4346.7 9088 9087 9097 9107 9108 9097 9094 (1u4k.0
4375.93 1280.73 8897 88% -7 88g6 889" 143,98
4383.55 1273.11 88kh 88LL 8845 884L 884k 8847 88L8 143.93
Lhol, 75 1251.91 8695 869% 8702 8701 143.97
5,12 1241.54 8633 8636 8633 143.83
ho7,.31 1229.35 8538 8540 85Ul 8540 143.99

8310 8313 8316 8310

8167 8168 8165 8168

4855.2  801.50 5598 5598 550k 5501 5618 5595 5600 élhs.ag

41870.3 786.34 5483 5482 5k99 5506 5515 Sho3 5hUgT (1h43.2
5158 5156 5157 5155 5154 515L

4957.56 699,10 490l k903 4896 L89B L3go7 LBc7 L89B 1h2.T7h
4340 43k L3ko 4340

3798 3798 3799 37%

5167.49 489,17 3436 3437 3439 3437 3436 3435 3436 1k2.3k
5227.19 k429.47 3027 3029 3026 3028 3029 3027 3025 141.87
5269.58 387.12 2729 2726 2725 2729 2727 2727 141.97
5330.78 325.88 2308 2309 2311 2312 2310 2310 2311 141,07
5341.09 315.57 222k 2226 2225 2225 2224 2227 2229 141.79
5371.49 285,17 2013 20156 2010 2015 201k 2013 2014 1b1.62
5400.56 256.10 1806 1809 1808 1803 1805 1811 1810 1k1.69
5656.66 O o 0 O O o o0 o

5689.82 33.16 237 239 238 240 239 238 238 139.09
5719.22 62.56 Wh7 ul7 ks ks Lhg kL5 hh7 140,14
5748.30 91.6k 657 659 659 655 659 659 658 139.27
576442 107.76 TTL T73 Ttk TIH T73 T3 T73 139.51
580%.45 147.79 1061 1061 1053 1061 1064 1060 1062 139.20
5820.15 163.49 1176 1176 1175 1176 1177 1175 1176 139.0h4
5852.49 195.83 1koh 1ko9 1h12 111 1ko9 1k06 1407 139.06
5881.89 225.23 1618 1618 1619 1620 1624 1622 1625 138.%5
5044.83 288.17 207k 2072 2078 2077 2078 2060 2085 138.79
5975.53 318.87 2299 2299 2302 2300 2304 2306 2302 138.68
6029.99 373.33 2700 269% 2699 2698 2702 2703 2702 138.34
6074.34 417.68 3032 3030 3032 3030 3032 3031 3033 137.85
6035.16 1439.50 3193 3192 3193 3197 3200 319k 3199 137.60
6143.06 u486.40 35“8 3549 3548 3547 3554 3548 3554 137.08
6163.59 506.93 3698 3699 3703 3700 3704 3702 3706 137.00

{continued)
MEASURBENTS OF PLATE 123
TABLE 18



A

6217.28
6266.49
630%.79
6334.43
6362.99
6Lko2.25
6506.53
532.18
6553.9

6598.95

M & & d & 4 4 4, Disp.

560.62 L0oghk 4096 hioe %099 14100 Lo99 4103 136.82
609.83 k63 63 Lhss L6 hhs8 hhE2 Lh68 136.62
648,13 L7h3 L7k7 L7s2 h7se L753 LTl hsk 136.49
677.77 4971 U9TL ho7h L4973 4975 L9T6 4969 136.
726.33 5337 5337 5334 5343 5343 5341 5345 136.
745.59 5488 548k SLB7 5486 5486 sh82 5485 135.
849.87 6283 6280 6288 6281 6286 6285 62 135.
876.22 648T 6L8L 6189 6489 6498 6h9D 6493 135,
6653 6654 6657 665T 6659 6660 6650 (13k.

6806 6791 6785 6788 €791 6797 (13k.

9%2.29 6996 699% 7003 7001 TOOR TO02 69%2 13%.
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